A series of directly electrodeposited nickel-nickel oxide core-shells (NiNiO) on a glassy carbon electrode (GCE) have been prepared by the variation of cycle number through a facile electrochemical deposition method using a cyclic voltammetry (CV) technique in HCl solution and have been used as a highly sensitive enzyme-free glucose biosensor in 0.1 M NaOH. The characterizations of the biosensor probe revealed that the Ni-core forms as a homogeneous nanoparticle structure during the deposition, and then the NiO-shell is formed on the Ni-core. The electrochemical activity of the modified electrode towards the oxidation of glucose was studied using various electrochemical methods. Under optimum conditions, the glucose biosensor exhibited a long linear-range of glucose concentrations from 2 mM to 14 mM and a lower detection limit of 0.4 mM (S/N ¼ 3), associated with excellent stability, high reproducibility, and favorable selectivity against common interferents. Very importantly, it showed an ultra-fast response time ($1 s) and higher sensitivity (1889.8 mA mM À1 cm
Introduction
The determination of the concentration of glucose is an important analytical target due to not only the increasing demands for diagnosing diabetes but also the urgent requirements in food industry, fermentation industry, environmental protection, and biotechnology. [1] [2] [3] Particularly, diabetes mellitus is one of the most common chronic diseases, which continues to increase and causes various complications. 4 In this regard, a simple and easily prepared system to monitor the blood glucose levels could help to reduce the risk of complications associated with diabetes. Moreover, an easily fabricable, costeffective, highly efficient, and selective detection of glucose has become essential in many different industries including pharmaceuticals, environmental monitoring, textiles, and food industries. Considering these aspects, the development of an electrochemical glucose biosensor has triggered extensive attention because of its high sensitivity, excellent selectivity, rapid response, and good reliability. [5] [6] [7] [8] [9] However, two types of electrochemical glucose biosensors, such as enzymatic and non-enzymatic or enzyme-free glucose biosensors, have been commonly reported. Enzyme-free glucose biosensors with the application of various materials, based on carbon materials, 12 
polymers,
13 metals or metal oxides, 14, 15 have received considerable attention owing to the inclination of enzymes utilization, stress-free electrode fabrication, stability, simplicity, reproducibility, and cost-effectiveness. [9] [10] [11] Among the metals or metal oxides, particularly, nickel (Ni) and its oxide electrodes are a good option due to their high stability, reproducibility of results, low toxicity, natural abundance, and low-cost. [16] [17] [18] NiBased nanomaterials exhibit a remarkably high catalytic activity for glucose oxidation due to the formation of a redox couple Ni(OH) 2 /NiOOH in an alkaline medium.
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Recently, a number of Ni-based glucose biosensors have been investigated and their performance is still being improved; 8, 14, [20] [21] [22] [23] [24] however, to improve the performance of Nibased glucose biosensors, many fabrication processes, such as electrodeposition, composition with graphene and/or polymers, alloying with other metals, 3D ower-like approach, etc., have been applied. 8, 14, [20] [21] [22] [23] [24] [25] [26] Among various techniques, electrodeposition is particularly interesting due to the directelectrodeposition on the electrode surface and trouble-free electrode preparation. Moreover, the process can be simply controlled by adjusting the applied current, scanning potential windows, number of cycles and time. [27] [28] [29] In addition, since the electrochemical deposition has been directly implemented on an electrode surface, the deposited nanoarchitectures do not require any additional step for adding binders. Unfortunately, the low-sensitivity and short linear-range are the major drawbacks for the Ni-electrodeposited electrodes 8,23,25 as compared to the other metal electrodes. 10 However, one of the strategies can be applied to improve these problems by changing the morphological structure of the electrodeposited nickel-nickel oxide (NiNiO) core-shell on the electrodes.
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Herein, a series of directly electrodeposited NiNiO coreshells have been synthesized by a simple electrodeposition method and successfully applied for the development of an enzyme-free glucose biosensor for the rst time. The enzymefree glucose biosensor performance was evaluated by cyclic voltammetry (CV), differential pulse voltammetry (DPV), and chronoamperometry (CA) methods. The NiNiO core-shell biosensor electrode exhibited a wide concentration range, lower LOD, higher sensitivity, and an ultra-fast response time. Moreover, it was very stable, reproducible, repeatable, and selective towards glucose sensing in the alkaline media. To date, the observed sensitivity and response time of the electrodeposited Ni-based biosensor have not been reported.
Experimental section

Synthesis of the NiNiO core-shell
The mirror-like surface of a GCE that had been polished with a 0.05 mm alumina suspension and a polishing cloth (Bioanalytical Systems) was used for electrodeposition. The NiNiO core-shell was electrodeposited on the GCE by the CV technique in a 2.6 mg mL À1 NiCl 2 $6H 2 O in a 10 mM HCl solution under high purity argon (Ar) for 30 min for 10, 20, and 30 cycles at a 50 mV s À1 scan rate. The NiNiO core-shell deposition was monitored within the potential window of AE1.5 V (Fig. S1 †) . The potential window with the higher overpotential, which is known as the oxygen evolution region, was selected. The electrochemical measurement and instrumental characterizations were carried out using various instruments (see the ESI †).
Results and discussions
3.1 Characterization of the NiNiO core-shell SEM images of the as-prepared NiNiO core-shell on the GC plate are shown in Fig. 1 , and the NiNiO was obtained in various CV cycles. The size and number of NiNiO varied with an increase in the cycle number. Over all, all NiNiO were spherical in shape with a nearly homogeneous size. In the case of 10 th cycle, a large amount of NiNiO was deposited on the GC plate ( Fig. 1a1 ) and during the 10 th cycle, NiNiO was much smaller in size (Fig. 1a2) . On increasing the cycle number up to 20 th cycle, the size of NiNiO increased (Fig. 1b1) , whereas the number decreased due to aggregation (Fig. 1b2 ). In the case of 30 th cycle, NiNiOs were comparatively lower in population ( Fig. 1c1 ) with very high aggregation (Fig. 1c2) because NiNiO had enough time to deposit on the GC plate. Generally, for metal (i.e. Ni)-electrodeposition, an extremely aggregated and thick-lm like microstructures can be observed in the whole GC plate, as reported by Sivasakthi et al. 25 and Kong et al. 31 However, in our study, NiNiO was grown as nanoparticle (NPs)-like core-shells and the size was increased on increasing the CV cycle number, which was similar to that of an another study on the graphene substrate, 6 indicating that an advantageous hierarchical structure was directly formed on the GC plate. Note that, as can be seen in the high resolution SEM images (gure insets), all NP surfaces (shell) were comparatively brighter than that of the NPs center (core), indicating a possible unlikely surface. Especially, aer 20 cycles, the deposited NiNiO was more sharply visible than that aer the 10 cycles of deposited NiNiO NPs, indicating an excellent formation of the core-shell.
The EDX analyzer was tted to the SEM chamber to perform the elemental analysis and determine the composition of all NiNiO core-shells. The EDX spectrum of all NiNiO samples (Fig. 1a3, b3 and c3) showed that all NiNiO contained only Ni with oxygen (O), and the contents (at%) are listed (C comes from the GC plate) in the insets of the corresponding gures. However, Ni and O increased with an increase in the cycle number, signifying the layer-by-layer assembly of NiNiO and probably O originated from the formation of NiO/Ni(OH) 2 on the NiNiO surface. The numerical results (Ni and O) of all three samples are plotted in Fig. S2 . † For comparison, the EDX spectrum of bare GC is also displayed (Fig. 1d) , where Ni is absent.
The resolution of SEM is not sufficient to precisely and clearly observe the change in the NiNiO surface. Thus, highresolution TEM (HRTEM) images of the NiNiO core-shell were obtained ( Fig. 2 ), which showed a highly ordered crystalline structure of the core and an amorphous shell (between arrow signs in Fig. 2a ). The lattice lines of the core are visibly clear with a lattice d-spacing of 0.2 nm, which corresponds to the (111) plane of Ni 0 . 32 On the other hand, the outer layer was amorphous in nature and the amorphous nature does not represent any lattice spacing, 33 conrming the formation of NiO on the Ni 0 surface (Fig. 2b) . Typically, Ni(OH) 2 also shows the lattice d-spacing, which is slightly higher than 0.2 nm.
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Although, the core-shell formation mechanism under this condition was not intensively studied, it is rational that the metallic Ni was deposited during the continuous CV cycles at a lower overpotential (Fig. S1a †) . Then, the NiO shell was formed at higher overpotential, which is known as the oxygen evolution region (Fig. S1b †) . Recently, the oxygen evolution mechanism on the Ni surface was nicely explained by Kauffman et al. 34 Moreover, Ni can be easily oxidized by water and air.
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Therefore, the metallic core of Ni 0 and the NiO shell were conrmed by the HRTEM analysis. Fig. 3a shows the XRD patterns of three different NiNiO coreshells, which were prepared during the various CV cycles. Each pattern of Fig. 3a 35, 36 respectively. This is due to presence of a NiO layer as a shell on the Ni 0 core. 36 The Ni (111) XRD peak from the 20 cycles of the deposited NiNiO shied towards a lower 2q value as compared to that of the other NiNiO samples. These kinds of anomalies have been attributed to the prevalence of point defects such as oxide formation. 37 We suspect that among three different samples, the ration of shell/ cores (O/Ni in Fig. S2 †) at 20 cycles of the deposited NiNiO were higher due to the comparatively higher NiO shell formation. Fig. 3b shows a core level XPS spectrum of Ni2p for only 20 cycles of a deposited NiNiO core-shell sample. The two strong peaks near 855.1 eV and 872.6 eV in Fig. 3b can be attributed to Ni2p 3/2 and Ni2p 1/2 , respectively. The spectrum also shows two other additional peaks at $862.1 eV and 881 eV, which reveal the presence of NiO species.
18,38
EIS measurement
The interfacial properties of the modied electrode, which are vitally signicant for the electrical conductivity and the electrocatalytic features, were rst analyzed by EIS measurement and the EIS experiment was carried out in a 5 mM [Fe(CN) 6 ] 3À/4À redox probe containing 0.1 M KCl in the frequency range from 10 5 to 0.01 Hz in Fig. 3c . The electron transfer characteristics were interpreted using the Randles circuit. The Randles circuit consisted of electrolyte resistance (R s ), electron transfer resistance (R ct ), double layer capacitance (C dl ), and Warburg impedance (W) (Fig. 3c inset) . As can be observed in Fig. 3c , the Nyquist plot of the bare GCE displayed a well-dened, enlarged semicircle with an R ct of about 2.1 kU at a high frequency. Compared with the bare GCE, the diameter of the semicircle in the Nyquist plot of the NiNiO/GCE (electrodeposited up to the 20 th CV cycle) dramatically decreased, featuring a lower R ct of 290 U. This result indicates that NiNiO is an excellent conducting core-shell and could act as tiny conductive centers to promote the electron transfer.
Electrochemical glucose oxidation
The electrochemical properties for the 20 th cycle number of the deposited NiNiO core-shell at 50 mV s À1 scan rate were evaluated by the CV technique, as shown in Fig. 4a . The CVs were obtained in an Ar-saturated 0.1 M NaOH at a scan rate of 50 mV s À1 and agreed well with those in the reports. 6,7,39 On comparison, these redox peaks were invisible in the case of bare GCE [curve (i) in Fig. 4a ]. In the absence of glucose, the neat NiNiO/ GCE exhibited well-dened redox peak potentials (anodic, E pa and cathodic, E pc ) of 0.5 V and 0.42 V [curve (ii) in Fig. 4a] , respectively, resembling that of the neat NiNiO/GCE. 39, 40 In this context, the presence of NiNiO should play a key role for the observed redox behavior, which may be explained by the mechanism proposed by Ding et al. 1 and Wang et al., 41 as mentioned below and in Scheme 1.
The electrochemical activity based on eqn (1) for all CV cycles (10, 20, and 30 with 5 and 15 for a better comparison) of the At a constant scan rate (50 mV s
À1
), among all the CV cycles of the deposited NiNiO core-shell-modied electrodes, a superior I pa and better negatively shied E pa were observed at 20 cycles of the deposited NiNiO/GCE. Therefore, we will consider only 20 cycles of the deposited NiNiO/GCE for the subsequent experiments.
To investigate the applicability of the NiNiO core-shell in an enzyme-free glucose detection, a noticeable increase in the I pa along with a decrease in the I pc was observed [curve (iii) in Fig. 4a ] on the addition of 1 mM glucose at the NiNiO/GCE, which may be ascribed to the formation of gluconolactone through the oxidation of glucose by NiOOH (as can be seen in Scheme 1 and eqn (2)).
9,39,41
Moreover, the CVs of the NiNiO/GCE in an Ar-saturated 0.1 M NaOH with the sequential addition of glucose are shown in Fig. 4b . The oxidation I pa corresponding to the transformation of Ni(OH) 2 to NiOOH signicantly increased (according to eqn (1)) with an increase in the glucose concentration (C glu ), and the I pc accordingly decreased. This is due to the more consumption of NiOOH on increasing the C glu (according to eqn (2)). A linear correlation was also found between the I pa and C glu up to 14 mM glucose in an Ar-saturated 0.1 M NaOH solution (Fig. 4b inset) with the linear regression equation of I pa (mA) ¼ 0.1332 Â C glu (mM) + 0.045 and correlation coefficient R 2 ¼ 0.9998, which conrms that the NiNiO/GCE have an excellent electrocatalytic activity for the enzyme-free glucose oxidation within 14 mM. Also, to further examine the enzyme-free glucose oxidation, we employed DPV and a similar result was observed (see Fig. S4 †) . Therefore, a wide range up to 14 mM with a high correlation coefficient of 0.9998 was conrmed once again for the NiNiO core-shell-modied GCE. Fig. 4c displays the CV curves of the NiNiO/GCE obtained in an Ar-saturated 0.1 M NaOH solution at different scan rates (10 to 200 mV s À1 ) in the absence of glucose. Both I pa and I pc peak currents as well as their peak-to-peak separation were found to linearly increase with an increasing scan rate (Fig. 4c inset) , indicating the occurrence of a surface-controlled electrochemical process. 31 Moreover, in the presence of 1 mM glucose, the CV curves exhibited a similar behavior, as shown in Fig. 4d . A linear correlation was also observed for both I pa and I pc vs.
scan rate (Fig. 4d inset) , revealing again a surface-controlled process.
Amperometric determination of glucose
Amperometry is a sensitive and reliable technique to evaluate the electroactivities of the catalysts applicable for the electrochemical glucose biosensors. The amperometric responses obtained for the NiNiO/GCE in an Ar-saturated 0.1 M NaOH solution for the successive addition of different concentrations of glucose at an optimized applied potential of 0.5 V (vs. Ag/ AgCl) (see Fig. S5 †) are shown in Fig. 5 . The NiNiO/GCE exhibited a sensitive response towards the different concentrations of glucose and an obvious increase in the oxidation current was observed for the increased glucose concentration. From Fig. 5 , it is clear that the electrochemical response of the NiNiO/GCE reached the dynamic equilibrium state and generated a steady state current within $1 s (see Fig. S6 †) . It indicates good electrocatalytic oxidation and fast electron transfer properties of the NiNiO core-shell on the GCE. The calibration curve for the enzyme-free electrochemical responses of the NiNiO/ GCE towards glucose is shown in the inset (le). A similar CV slope value was observed in the linear regression equation of I pa (mA) ¼ 0.1336 Â C glu (mM) + 1.17 with a similar R 2 value (0.9997).
Moreover, the enlarged CA curve shows that the NiNiO/GCE Scheme 1 The glucose oxidation mechanism at the NiNiO core-shell-deposited GCE. responded at 2 mM glucose with a distinguished increase in the current (inset, right). Accordingly, a lower limit of detection limit (LOD) at 0.4 mM was determined according to the formula LOD ¼ 3 St b /B (where St b is the standard deviation of the blank signal, and B is the slope of the calibration curve). 42, 43 The obtained sensitivity of the glucose biosensor was derived to be 1889.8 mA mM À1 cm À2 , surpassing most of the reported Nibased composite electrodes (Table 1) .
Selective determination of glucose
To assess the specicity of the enzyme-free glucose biosensor for real-time applications, the CVs were employed rst. As can be observed in Fig. 6a , no signicant interference was observed in the determination of 1 mM glucose in the presence of the following coexisting molecules: 0.5 mM dopamine (DA, a1), 1 mM ascorbic acid (AA, a2), 0.5 mM uric acid (UA, a3), and 0.2 mM sucrose (a4). It was concluded that the effects of these bioorganic molecules were negligible in the glucose oxidation, suggesting that the prepared NiNiO/GCE had a high selectivity towards the enzyme-free sensing of glucose. Moreover, an amperometric study was performed on the NiNiO/GCE under sequential addition of 100 mM glucose (Glu) and other electroactive interferences, such as DA, AA, and UA, in the presence of 20 mL of the pretreated (ESI †) urine (Ur, equivalent to 6.7 mL L À1 ), as shown in Fig. 6b . Obviously, the reported NiNiO coreshell-modied GCE was highly selective for glucose sensing and insensitive towards other interfering biomolecules. Moreover, the reported enzyme-free glucose biosensor is also insensitive to urine, which contains a variety of proteins and other common interfering molecules and ions. By comparing the amperometric responses of the biosensor in the presence of glucose with and without increasing the urine content (Fig. 6b inset) , it is clear that the NiNiO/GCE was indeed sensitive and selective for the detection of glucose in a real clinical application. In addition, to explore the industrial use of the NiNiO core-shellmodied GCE, we employed this electrode for the determination of glucose in the presence of 200 mL (equivalent to 40 mL L À1 ) tap water (TW) and 200 mL Ur as an industrial wastewater sample, as shown in Fig. 6c . There was no signicant increase in the I pa in the presence of the abovementioned amounts of the real samples (see Fig. S7 †) . Aer sequential addition of glucose, Fig. 4b . Therefore, the NiNiO/ GCE was also sensitive and selective for the detection of glucose in an industrial application.
Stability, reproducibility, and repeatability
The operational stability of the NiNiO core-shell-modied GCE was also evaluated through the electrooxidation of glucose every 3 days by obtaining the CV curves in an Ar-saturated 0.1 M NaOH electrolyte solution in the presence of 1 mM glucose, and the coated electrode was stored under normal atmospheric conditions when not in use (Fig. S8a †) . It was found that the NiNiO/GCE retained about 92% of its initial response for glucose oxidation aer 30 days of storage. The NiNiO/GCE surface was evaluated by SEM aer long term stability evaluation, as shown in Fig. 6d , and no signicant difference in the shape of the NiNiO NPs was observed, however, the size and population may be reduced due to the decay nature for 33 days catalysis, indicating a homogeneous catalysis at the surface of every single NiNiO NP. The reproducibility of this enzyme-free biosensor was evaluated by assaying the CV response towards 1 mM glucose for ve separately prepared NiNiO/GCEs under the same conditions ( Fig. S8a inset †) . A relative standard deviation (RSD) of 2.2% was observed for a series of NiNiO/GCEs, signifying the good reproducibility of the prepared biosensors. The repeatability of the reported glucose biosensor was also tested at a single NiNiO/GCE with the CV in the presence of 1 mM glucose for 10 consecutive CV responses. It was found that the glucose biosensor retained 0.64% RSD (Fig. S8b †) , revealing an excellent repeatability. Moreover, only 0.68% RSD was found when the repeatability was evaluated in ve different glucose solutions (Fig. S8b inset †) . Also, we found that this biosensor was sensing well up to 60 C, which is an another advantage over the enzyme-based glucose biosensors
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( Fig. S9 †) .
Real sample analysis
The practical application of the NiNiO/GCE was tested by determining the glucose concentration in a human urine sample, which was obtained from a healthy volunteer. Informed consents were obtained from human participants for this study. The glucose concentration was detected at the NiNiO/GCE in the presence of 200 mL of urine. The analytical recoveries were Fig. 6 CVs of the NiNiO/GCE for the detection of 1 mM glucose in the presence of 0.5 mM DA (a1), 1 mM AA (a2), 0.5 mM UA (a3), and 0.2 mM sucrose (a4) at a 50 mV s À1 scan rate; chronoamperometric responses of the NiNiO/GCE at an applied potential of 0.5 V with the additions of 20 mL of urine (Ur), 100 mM glucose, AA, DA, and UA in every addition (b); CVs of the NiNiO/GCE in the absence (i) and in the presence of 200 mL TW (ii) and 200 mL Ur (iii) samples, afterwards, subsequent addition (1 mM each) of glucose (iv) (c) at a 50 mV s À1 scan rate, the NiNiO/GCE surface after long term stability evaluation (d); insets: the corresponding molecular structure (a) the relative current response of 100 mM glucose (b) the plot of I pa vs. C glu in presence of Ur (c) and the fresh NiNiO/GCE surface for comparison.
determined for the addition of 1 mM, 3 mM, and 5 mM of the standard glucose to the urine sample. The recoveries of glucose at the NiNiO/GCE were in the range of 99.4-102% with a good RSD value of 3.6% (n ¼ 3), suggesting that the glucose determination in the real samples had good accuracy (Table S1 †).
Conclusion
In summary, a NiNiO core-shell was prepared using a simple and easy electrodeposition method, which was then used to investigate the enzyme-free glucose sensing. The fabricated biosensor was a single component system combining the GCE with a NiNiO core-shell catalyst including the advantages of being binder free, time and cost-effective along with a stable attachment of the catalyst. The NiNiO-GCEs not only exhibited a high sensitivity and selectivity for the detection of glucose in the presence of biointerferences, such as AA, DA, and UA, but also detected glucose in the real samples such as human urine and tap water. Importantly, the NiNiO-electrode detected a wide range of glucose concentrations from 2 mM to 14 mM with a high sensitivity (1889.8 mA mM À1 cm À2 ). Additionally, a lower LOD and an ultra-fast response time of 0.4 mM and $1 s were observed, respectively. Thus, the NiNiO-based electrode, which showed superior electrochemical performances surpassing the other Ni-based electrodes, as shown in Table 1 , should have perspective applications as a high-performance glucose biosensor even in real samples.
